Wounding is a primary trigger of organ regeneration, but how wound stress reactivates cell proliferation and promotes cellular reprogramming remains elusive. In this study, we combined transcriptome analysis with quantitative hormonal analysis to investigate how wounding induces callus formation in Arabidopsis (Arabidopsis thaliana). Our time course RNA-seq analysis revealed that wounding induces dynamic transcriptional changes, starting from rapid stress responses followed by the activation of metabolic processes and protein synthesis and subsequent activation of cell cycle regulators. Gene ontology analyses further uncovered that wounding modifies the expression of hormone biosynthesis and response genes, and quantitative analysis of endogenous plant hormones revealed accumulation of cytokinin prior to callus formation. Mutants defective in cytokinin synthesis and signaling display reduced efficiency in callus formation, indicating that de novo synthesis of cytokinin is critical for wound-induced callus formation. We further demonstrate that type-B ARABIDOPSIS RESPONSE REGULATOR-mediated cytokinin signaling regulates the expression of CYCLIN D3;1 (CYCD3;1) and that mutations in CYCD3;1 and its homologs CYCD3;2 and 3 cause defects in callus formation. In addition to these hormone-mediated changes, our transcriptome data uncovered that wounding activates multiple developmental regulators, and we found novel roles of ETHYLENE RESPONSE FACTOR 115 and PLETHORA3 (PLT3), PLT5, and PLT7 in callus generation. All together, these results provide novel mechanistic insights into how wounding reactivates cell proliferation during callus formation.
Plant life is full of damaging stresses, and plants rapidly activate defense responses upon wounding to protect themselves from pathogenic infections. Plants also repair wound sites through the formation of unorganized cell mass, called callus, and regenerate new organs. Wound-induced calli are thought to seal wound sites, prevent water loss, and serve as cellular sources for vasculature differentiation and/or de novo organogenesis (Ikeuchi et al., 2013; Ikeuchi et al., 2016) . A series of previous studies have illustrated how plants sense wound signals and activate downstream stress responses. Wound stress that causes a defense response is perceived through so-called damage-associated molecular patterns. Damage-associated molecular patterns include the cell wall derivative oligogalacturonic acid (Bishop et al., 1981) and extracellular ATP Tanaka et al., 2014) , the latter of which, upon perception, triggers cytoplasmic calcium signaling and a burst of reactive oxygen species. These local wound signals are then translated into electrical and chemical signals and often transmitted to other parts of plants. Wound response invokes depolarization of plasma membrane through the activity of cation channel GLU RECEPTOR-LIKEs, and this electric signal travels over a long distance (Mousavi et al., 2013) . Subsequently, jasmonate (JA) synthesis is up-regulated and a JA-induced pathway mediates acquisition of herbivores resistance (Koo et al., 2009 ). While JA mediates substantial portions of the wound response, other aspects are independent of JA (Titarenko et al., 1997) , suggesting that wounding also activates other signaling pathways in parallel.
Callus formation and organ regeneration often entail cell cycle reentry of quiescent cells, which is achieved through the reactivation of core cell cycle regulators CYCLIN (CYC) and CYCLIN-DEPENDENT KINASES (CDK; Inzé and De Veylder, 2006) . Recent studies have started to reveal how cells transduce wound signals to activate cell proliferation and callus formation. A set of APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ ERF) transcription factors called WOUND-INDUCED DEDIFFERENTIATION1 (WIND1), WIND2, WIND3, and WIND4 plays key roles in wound-induced callus formation (Iwase et al., 2011) . Expression of WIND genes is rapidly induced by wounding, and their expression remains high in calli formed at wound sites. Ectopic overexpression of WIND1, WIND2, WIND3, or WIND4 substitutes wounding to induce callus formation, and conversely chimeric repression of WIND in WIND1-SRDX plants results in reduced efficiency in wound-induced callus formation. WIND1 likely mediates wound-induced up-regulation of cytokinin signaling, because woundinduced cytokinin signaling is suppressed in WIND1-SRDX plants. A recent study showed that WIND1 directly up-regulates the expression of ENHANCER OF SHOOT REGENERATION1 (ESR1), encoding another AP2/ERF transcription factor in Arabidopsis, to promote callus formation and shoot regeneration (Iwase et al., 2017) . The loss-of-function mutants of WINDs or ESR1 do not completely lack the ability to form calli, suggesting that there are other parallel regulatory pathways of callus formation.
The plant hormones auxin and cytokinin are well established as efficient inducers of callus in tissue culture. Recent studies have revealed that callus formation on auxin-rich callus-inducing media (CIM) follows a developmental program of root formation. Indeed, histology and gene expression profiles of CIM-induced calli resemble those of root primordia with organized expression of root meristem regulators such as WUSCHEL-RELATED HOMEOBOX5 (WOX5; Sugimoto et al., 2010; Liu et al., 2014) . Accordingly, key regulators of root formation, such as LATERAL ORGAN BOUNDARY DOMAIN16 (LBD16), LBD17, LBD18, and LBD29 are required for callus formation on CIM (Fan et al., 2012) . Recent studies have shown that several AP2/ERF transcription factors also play pivotal roles in organ regeneration. For example, PLETHORA3 (PLT3), PLT5, and PLT7, key regulators of lateral root development (Hofhuis et al., 2013) , confer calli with pluripotency in tissue culture (Kareem et al., 2015) . Another AP2/ERF transcription factor, ERF115, has been shown to regulate replacement of root stem cells after injury (Heyman et al., 2013 (Heyman et al., , 2016 while its close homolog ERF113/RAP2.6L promotes shoot regeneration from calli (Che et al., 2006) as well as tissue repair in floral stems (Asahina et al., 2011) . Accumulating evidence suggests that calli formed at wound sites are distinct from those formed on CIM (Iwase et al., 2011; Ikeuchi et al., 2013) , but the commonalities and differences of their regulatory mechanisms still remain obscure.
Genes that encode transcription factors with important developmental roles are often under epigenetic repression, such as histone modification and DNA methylation, to prevent their ectopic expression (Ikeuchi et al., 2015b) . In the absence of POLYCOMB REPRESSIVE COMPLEX2 (PRC2)-mediated repression, for example, WIND1-3, WOX5, and several other regulators of cellular reprogramming are ectopically expressed, and fully differentiated cells undergo spontaneous callus formation (Ikeuchi et al., 2015a) . Mutants defective in other epigenetic regulation have higher or lower efficiency of callus formation and/or shoot regeneration in tissue culture, and these phenotypes are associated with differential expression of reprogramming regulators (Li et al., 2011; He et al., 2012; Shemer et al., 2015; Lee et al., 2016) . When plants sense wound stress and generate calli at wound sites, the chromatin status of genes encoding cell fate regulators likely changes to allow their transcription. Molecular mechanisms underlying this control, however, remain largely unknown.
Time-course transcriptome analysis is a powerful approach to infer global physiological responses and identify novel regulators of these responses. Several previous studies have reported large-scale transcriptional changes during wound-induced defense response (Reymond et al., 2000; Devoto et al., 2005; Kilian et al., 2007) and regeneration (Chen et al., 2016a; Efroni et al., 2016) . Lack of transcriptome analyses with sufficient time resolution, however, hinders us from understanding how wounding stimuli induce regenerative responses. In this study, we performed time course RNA-seq analyses within 24 h after wounding and investigated how plants respond to wound stress and change their transcriptional program to undergo callus formation. By combining our transcriptome datasets with hormonal measurements and mutant analyses, we identified several positive and negative pathways that regulate callus formation. Our results thus provide an important molecular framework of how plants sense wound stress and reactivate cell proliferation at wound sites.
RESULTS

Expression of Cell Cycle Genes Is Activated within 24 h after Wounding
We had previously established an experimental system where we can induce callus formation in wounded hypocotyls without exogenous application of plant hormones ( Fig. 1A ; Iwase et al., 2011) . In this study, we improved the efficiency of callus induction from ;50% to ;70% by incubating hypocotyl explants in the dark after wounding (Fig. 1B) . To explore the cellular basis of callus formation, we induced calli in CDKApro:CDKA-GUS plants (Adachi et al., 2009 ) and examined the site of cell cycle activation during callus formation. As shown in Figure 1C , we detected strong activation of CDKA-GUS expression near wound sites at 4 d after cutting. Histological analysis of developing calli revealed that CDKA promoter activity is present in the vasculature and pericycle cells but is not detectable in surrounding cells, such as endodermis, cortex, and epidermis (Fig. 1C) . By comparing serial cross sections, we confirmed that new cell plates are formed only in the vasculature and pericycle cells. Histological analysis of CYCA2;1pro: GUS plants, another reporter line for cell proliferation (Burssens et al., 2000) , also showed that the CYCA2;1 promoter activity is restricted to the vasculature and pericycle cells (Fig. 1D) , indicating that reactivation of cell cycle in these cell types gives rise to calli in wounded hypocotyls. To examine when CYCA2;1 is transcriptionally induced, we isolated RNA at 0, 1, 3, 6, 12, and 24 h after wounding and performed quantitative reverse transcription coupled with PCR (qRT-PCR) analysis. We found that the expression level of CYCA2;1 initially declines and subsequently increases within 24 h after wounding (Fig. 1E) . These results thus establish that initial transcriptional modification leading to cell cycle activation occurs within 24 h after wounding.
Wounding Induces Multiple Cellular Events with Specific Temporal Patterns
In order to unravel global transcriptional dynamics leading to cell cycle activation and callus initiation, we performed time course RNA-seq analysis for hypocotyl explants harvested at 0, 1, 3, 6, 12, and 24 h after wounding. Taking genes with reads per kilobase million mapped reads (RPKM) higher than 0.1, we identified 18,332 genes that are expressed at least at one time point within 24 h after wounding, and among them 14,605 genes display significant transcriptional changes based on Bayesian estimation of temporal regulation (false discovery rate [FDR] = 0.05; Aryee et al., 2009) . We verified the expression profile of two selected genes by qRT-PCR (Supplemental Fig. S1A ), supporting the reliability of our RNA-seq data. To decipher the general trend of gene expression profiles, we subjected the 14,605 differentially expressed genes to k-means clustering analysis. We first grouped these genes into different numbers of clusters and finally found that grouping them into five clusters conveys the major characteristic temporal expression patterns induced by wounding ( Fig. 2; Supplemental Fig. S1B ).
This clustering analysis revealed that key transcriptional activation or repression occurs in several transient waves after wounding. The first set of 1,979 genes in cluster 1, for instance, show rapid induction after wounding to reach maximum expression levels within 1 h ( Fig. 2A) . Gene ontology (GO) analysis using BiNGO revealed that GO categories such as response to stimuli (FDR corrected P value = 3.02E-53) and response to wounding (3.91E-22) are highly represented in this cluster ( Fig. 2A) . As previously shown by Reymond et al. (2000) , response to biotic stresses (3.92E-21), defense responses (9.03E-16), and response to water deprivation (1.07E-15) are also overrepresented ( Fig. 2A) . Interestingly, we found that response to other abiotic stimuli such as heat (3.14E-31) is also highly enriched ( Fig. 2A) , implying that part of wound-induced transcriptomes might overlap with other stress-induced transcriptomes. As expected, genes involved in JA response (5.37E-19) and another stress-associated plant hormone abscisic acid (ABA; 2.15E-13) are also overrepresented in this cluster ( Fig. 2A) .
In cluster 2, where transcript levels of 1,903 genes are highest between 3 and 6 h after wounding, various metabolic categories are overrepresented (Fig. 2B) . Genes that encode enzymes for aromatic compound synthesis (1.00E-15) and amino acid derivative metabolic processes (3.63E-12) are highly represented, and in particular those in the chorismate pathway (8.87E-10) are enriched. Chorismate is a precursor of Trp, which can then be turned into defensive substances such as camalexin (Ren et al., 2008) . Genes encoding enzymes that convert Trp into camalexin, such as CYP79B2 and PAD3, are also included in cluster 2, suggesting that camalexin synthesis pathway is activated by wounding. The GO categories such as posttranslational protein modification (2.61E-10) and phosphate metabolic process (3.93E-10) are represented in cluster 2 by genes encoding calcium-dependent kinases, calmodulin-binding protein kinases, and other mediators of calcium signaling (Supplemental Table S1 ). Moreover, other kinases such as those involved in defense response are also included in cluster 2 (Supplemental Table S1 ), implying that wounding activates calcium-mediated phosphorylation signaling cascades as reported previously (Hettenhausen et al., 2016) .
In cluster 3, where transcript abundance of 3,854 genes starts to increase at 3 h after wounding, GO categories such as gene expression (1.00E-62), translation (3.24E-31), and RNA processing (8. 41E-22) are overrepresented (Fig. 2C ). This cluster also contains genes involved in cellular macromolecule metabolic processes (2.08E-48) and cellular biosynthetic processes (1.43E-38), suggesting that cells start to generate a new proteome.
Transcript abundance of 3,535 genes in cluster 4 is reduced within 1 h after wounding, but later increased at around 12 h. GO categories represented in this cluster include microtubule-based process (1.74E-22), organelle organization (8.72E-31), and regulation of cell cycle (1.08E-16; Fig. 2D ). GO categories such as chromatin assembly (2.13E-10) and DNA replication (8.08E-13) are also enriched (Fig. 2D) , suggesting that basic machineries needed for cell division are down-regulated in the initial stress response but are reactivated within 24 h to prepare for cell cycle reactivation.
In cluster 5, where transcript levels of 3,334 genes rapidly decline within 1 h after wounding and remain down-regulated up to 24 h, response to abiotic stimulus (5.80E-11) is most highly enriched (Fig. 2E ). Cell wall biogenesis (1.08E-04) is also highly represented, and 8 out of 10 CELLULOSE SYNTHASE genes are included in this cluster (Supplemental Table S1 ). Transcriptional downregulation of these genes might reflect the physiological behavior of wounded explants to shut down unnecessary cellular events and save metabolic energy.
These data suggest that wounding triggers a series of cellular processes, ranging from early stress response and production of defense molecules to later reactivation of protein synthesis and cell proliferation. To examine the generality of these observations, we compared our dataset with another wound-induced transcriptome dataset reported by Kilian et al. (2007) . Interestingly, genes responding rapidly to wound stress, i.e. those in clusters 1, 2, and 5, overlap significantly with genes induced at early time points in Kilian et al. (2007) (Supplemental Fig. S2) , suggesting that they are involved in general wound response. In contrast, genes that are induced later, i.e. those in clusters 3 and 4, do not have significant overlaps with the dataset in Kilian et al. (2007) (Supplemental Fig.  S2 ), implying that they are associated with callus formation occurring only in our experimental condition.
JA and ABA Are Not Required for Callus Formation at Wound Sites
Since many plant hormone-associated genes are rapidly induced in our RNA-seq datasets, we sought to investigate functional roles of plant hormones in woundinduced callus formation. Among well-described plant hormones, JA is best characterized as a wound-inducible hormone (Creelman et al., 1992) . Accordingly, we found that among 51 JA biosynthesis and response genes we tested (Nemhauser et al., 2006; Supplemental Table S3) , the transcript level of 19 JA biosynthesis genes, such as ALLENE OXIDE SYNTHASE (AOS) and LIPOXYGENASE3, 4, 6, and 20 JA-responsive genes, such as TYR AMINOTRANSFERASE3, are strongly up-regulated within 1 h after wounding (Fig. 3A) . Consistently, our quantitative hormone measurements revealed that the endogenous level of JA starts to increase within 1 h and peaks at 6 h after wounding before it declines back to its initial level (Fig. 3B ). To test whether this increase in JA level is required for callus formation, we performed a wound-induced callus-induction assay using aos (Park et al., 2002) and coronatine insensitive1-16B (coi1-16B: Noir et al., 2013) , mutants defective in JA biosynthesis or signaling, respectively. As shown in Figure 3C , both mutants show slightly higher efficiency of callus formation compared to wild type, suggesting that JA synthesis and signaling are slightly inhibitory to callus formation at wound sites.
ABA transduces multiple stress responses, such as drought and heat stress, but only a few studies have reported its involvement in wound-induced signaling (Pēna-Cortés et al., 1989; Dammann et al., 1997) . Our transcriptome data show that NINE-CIS-EPOXYCAROTENOID DIOXYGENASE3 (NCED3), encoding a key enzyme for ABA synthesis, is strongly up-regulated by wounding, while ABA-catabolizing enzyme genes CYP707A1 and CYP707A3 are also induced (Fig. 4A ). In addition, we found that among 41 ABA response genes we tested (Supplemental Table S3 ), 21 genes, such as ZINC-FINGER PROTEIN2, are induced at least at one time point within 24 h after wounding, but others are downregulated within the same time frame (Fig. 4A ). Our hormonal analysis did not detect an increase in endogenous ABA levels, and instead, overall ABA levels appear to decrease within 24 h after wounding (Fig. 4B) . Interestingly, mutants with reduced ABA synthesis or signaling are consistently more efficient in callus formation than wild type (Fig.  4C ). These results, therefore, suggest that ABA is not required but rather slightly inhibitory for callus formation after wounding.
Wound-Induced Cytokinin Synthesis Is Required for Callus Formation
We have previously reported that cytokinin response is elevated in wounded explants (Iwase et al., 2011) , but how wounding up-regulates cytokinin response remained unclear. Our RNA-seq analysis revealed that among 19 cytokinin biosynthesis genes Figure 2 . Clustering analysis of time-course RNA-seq revealed five characteristic transcriptional changes induced by wounding. A, The 1,979 genes in cluster 1 are transiently induced within 1 h after wounding. GO categories such as response to stimuli and response to wounding are overrepresented. B, Cluster 2 contains 1,903 genes induced between 3 and 6 h after wounding. Genes involved in various metabolic processes are enriched in this cluster. C, Cluster 3 includes 3,854 genes induced after 3 h. GO categories such as gene expression, translation, and cellular biosynthetic processes are overrepresented. D, The 3,535 genes in cluster 4 are initially down-regulated but subsequently up-regulated after 12 h. Genes involved in the regulation of cell cycle are enriched in this cluster. E, Cluster 5 contains 3,334 genes that are down-regulated after wounding. Genes involved in stress response and cell wall biogenesis are overrepresented in this cluster. Magenta lines highlight the centroid of each cluster. Top 20 GO categories are shown with color codes representing the log10 (P value).
we examined (Supplemental Table S3 ), 10 genes, including ISOPENTENYL TRANSFERASEs (IPTs; Kakimoto, 2001; Takei et al., 2001) , CYP735As (Kiba et al., 2013) , and LONELY GUYs (LOGs; Tokunaga et al., 2012) , are up-regulated within 24 h after wounding (Fig. 5A) . Quantitative measurement indeed revealed that the endogenous levels of an active cytokinin called transZeatin (tZ) and its precursor tZR start to accumulate within 12 h after wounding (Fig. 5B) . We also found that their glucosidated derivatives, tZ7G, tZ9G, and tZOG, accumulate similarly after 12 h (Fig. 5B) , further corroborating the activation of tZ synthesis pathway after wounding. In contrast, another active form of cytokinin cis-Zeatin (cZ) and its precursor cZR appear to accumulate earlier after wounding, but their levels decline to the basal level by 24 h (Supplemental Fig.  S3 ). We did not detect significant increase in the level of isopentenyladenine (iP) and its precursor iPR after wounding, although some of their derivatives, such as iPR and iP7G, are mildly increased (Supplemental Fig.  S3A ). To test whether wound-induced accumulation of cytokinin is mediated by WIND1, we next quantified tZ and tZR levels in WIND1-SRDX plants (Iwase et al., 2011) . As shown in Supplemental Figure S3B , tZ and tZR levels tend to be higher in WIND1-SRDX, implying that WIND1 is not required for the accumulation of cytokinin.
Our transcriptome analysis further showed that some of cytokinin-responsive genes, such as type-A ARABIDOPSIS RESPONSE REGULATORs (ARRs; D' Agostino et al., 2000) , are upregulated by wounding (Fig. 5A) . We also visualized the cytokinin response using the Two Component signaling Sensor new (TCSn):: GFP reporter line (Zürcher et al., 2013) and detected a clear activation of GFP expression from 17 h onward after wounding, indicative of activated cytokinin signaling (Fig. 5, C and D) . Some species of cytokinin, like tZ, are normally produced in roots and transported to shoots through the vasculature (Kiba et al., 2013) . Importantly, TCSn::GFP expression is activated in hypocotyl explants where roots are cut off (Fig. 5, C and D) , supporting that de novo biosynthesis within explants, rather than reallocation of cytokinin from roots, is the primary cause of increased cytokinin response.
To test whether cytokinin plays a role in callus induction at wound sites, we examined callus formation efficiency in cytokinin biosynthesis mutants log123457 and ipt357 (Tokunaga et al., 2012; Miyawaki et al., 2006) and found that they are less efficient in callus formation (Fig. 5, E and F) . We further corroborated the importance of cytokinin by showing that double mutants of type B ARRs, namely arr1-3 arr12-1 and arr1-3 arr10-5 (Argyros et al., 2008), are defective in callus formation. Wound-induced JA synthesis and response are inhibitory for callus formation. A, Expression profiles retrieved from RNA-seq show that many genes involved in JA biosynthesis and response are induced within 1 h after wounding. Note that only genes with RPKM . 1 that change significantly along the time course are shown (20/ 27 genes for JA synthesis; 22/24 genes for JA responses). The color code indicates the log2 value of relative fold change compared to 0 h. B, Overall levels of endogenous JA are increased transiently after wounding. Alphabetical letters indicate statistical significance determined by ANOVA and Tukey's multicomparison test (n = 3; P , 0.01). C, Callus induction is enhanced in aos and coi1-16B compared to wild type (Col-gl). Asterisks indicate statistical significance determined by proptest (n . 200 for each genotype; P , 0.05).
We also found that arr10-5 arr12-1 do not exhibit reduced callus formation phenotypes (Fig. 5E ), suggesting that ARR1 likely plays more profound roles than ARR10 and ARR12 in wound-induced callus formation. Moreover, application of anticytokinin S4893 (Arata et al., 2010) at the time of wounding hampers callus formation (Fig.  5E ), further supporting that cytokinin response induced after wounding regulates callus formation.
A previous study by Dewitte et al. (2007) demonstrated that CYCD3s function downstream of cytokinin signaling. Consistently, our qRT-PCR analysis showed that the expression of CYCD3;1 is reduced in arr1-3 arr12-1 (Fig. 5G) , supporting an involvement of CYCD3s in the cytokininsignaling pathway. Furthermore, we found that the cycd3;1-3 triple mutant is less efficient in wound-induced callus formation compared to wild type (Fig. 5, E and F) . Taken together, these results show that wounding induces cytokinin synthesis and subsequent activation of its signaling pathway promotes cell cycle activation at wound sites.
Wound Stress Does Not Modify Overall Auxin Biosynthesis or Response
Auxin plays pivotal roles in the control of woundinduced root regeneration (Chen et al., 2016b) , and it also promotes callus formation in tissue culture (Skoog and Miller, 1957) . We examined transcriptional profiles of 13 auxin biosynthesis genes including YUCCA1-10 (YUC1-10) and TRP AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) and found activation of only YUC5 and TAA1 after wounding (Fig. 6A) . Our transcriptome data also showed transient up-regulation of a small subset of auxin response genes, while majority of previously described auxin response genes remain unchanged or down-regulated after wounding ( Fig.  6A ; Supplemental Table S3 ). Moreover, the endogenous level of indole acetic acid (IAA) does not change significantly after wounding (Fig. 6B ) and auxin response, visualized by an auxin reporter line DR5rev:GFP, is also unaffected up to 24 h after wounding (Fig. 6C) . These observations suggest that the endogenous auxin level or response is not significantly changed in wounded hypocotyls.
A Set of Wound-Induced AP2/ERF Transcriptional Regulators Contribute to Callus Formation
In addition to the hormonal regulators described above, recent studies have identified a set of developmental regulators that control cell proliferation and/or cell fate change in plants (Ikeuchi et al., 2013 (Ikeuchi et al., , 2016 . Using our RNA-seq datasets, we investigated whether wounding modifies the expression of 49 transcriptional regulators that are implicated in callus formation or Figure 4 . ABA-mediated signaling is inhibitory for callus formation at wound sites. A, Expression profiles retrieved from RNA-seq datasets show that a subset of ABA biosynthesis and signaling genes are induced within 24 h after wounding. Note that only genes with RPKM . 1 that change significantly along the time course are shown (9/15 genes for ABA synthesis; 37/41 genes for ABA responses). B, Overall endogenous ABA content gradually decreases after wounding. Alphabetical letters indicate statistical significance determined by ANOVA and Tukey's multicomparison test (n = 3; P , 0.01). C, Callus formation tends to be enhanced in both ABA synthesis mutants, i.e. nced3-2, aba2-1, aba2-2, aba3-1, and aao3-4, and signaling mutants, i.e. abi1-1. Asterisks indicate statistical significance determined by proptest (n . 100 for each genotype; P , 0.05).
regeneration, which we collectively refer to reprogramming regulators (Supplemental Table S3 ). As expected, WIND1 is induced within 1 h after wounding, and its close homolog WIND3 is up-regulated at around 12 h (Fig. 7A) . A recent study has shown that another member of AP2/ ERF family transcription factors, ERF115, is upregulated by DNA damage and wounding in Arabidopsis roots (Heyman et al., 2016) . Interestingly, we found that the expression of ERF115 and two of its close homologs ERF113/RAP2.6L and ERF114 is strongly up-regulated within 1 h in wounded hypocotyls (Fig. 7A) . Our callus induction assay using wounded hypocotyls, in addition, :GFP signals in wounded hypocotyls. Data are mean 6 SE (n = 11), and asterisks indicate statistical significance compared to 0 h determined by t test (P , 0.05). E, Mutants defective in cytokinin biosynthesis, i.e. log123457 and ipt357, and signaling, i.e. arr1-3 arr12-1, arr1-3 arr10-5, display reduced callus initiation phenotypes at 4 d after wounding. The cycd3;1-3 triple mutants have similar reduction in callus initiation. S-4893 is a cytokinin signaling inhibitor which blocks callus formation in wounded hypocotyls. Asterisks indicate statistical significance determined by proptest (n . 180 for each genotype, P , 0.05). F, Representative images of calli generated 14 d after wounding in wild type (Col-0), log123457, arr1-3 arr12-1, and cycd3;1-3 hypocotyls. Scale bar = 0.1 mm. G, The expression of CYCD3;1 is reduced in arr1-3 arr12-1. Data are mean 6 SE (n = 3, biological replicates).
revealed that a loss-of-function mutant of ERF115 and its interaction partner PHYTOCHROME A SIGNAL TRANSDUCTION1 (PAT1) is less effective in callus formation at wound sites (Fig. 7B) , indicating that the ERF115-PAT1 complex plays key roles in woundinduced callus formation. We confirmed the callus formation defects using two chimeric repressor lines of ERF115, 35Spro:ERF115-SRDX, and ERF115pro:ERF115-SRDX, where we drove the expression of ERF115-SRDX chimeric protein by the cauliflower mosaic virus 35S (35S) promoter and ERF115 promoter, respectively (Fig. 7 , B and C). On the contrary, callus induction efficiency in erf113/rap2.6l single mutants is comparable to that in wild type (Fig. 7B) , suggesting that ERF113/RAP2.6L alone is dispensable for wound-induced callus formation.
Our RNA-seq data showed that the expression of another set of AP2/ERF family transcription factors, PLT3, PLT5, and PLT7, is also activated after wounding (Fig.  7A) . We further found that the plt357 triple mutant displays significant defects in callus induction (Fig. 7 , B and C), demonstrating that these PLTs participate in callus formation at wound sites. Other developmental regulators that show strong up-regulation after wounding include LBD16, WOX5, WOX13, and a Dof family transcription factor OBF BINDING PROTEIN1 known to be associated with cell proliferation (Skirycz et al., 2008;  Fig. 7A ). Their functional link to callus induction, however, remains unclear since some of their close homologs such as LBD29, WOX4, WOX14, and OBF BINDING PROTEIN4 are downregulated after wounding (Fig. 7A) . It is interesting to note that regulators of shoot meristem formation such as BREVIPEDICELUS and KNOTTED-LIKE FROM ARABIDOPSIS THALIANA2 from class I KNOTTED1-like HOMEOBOX family, are rapidly down-regulated after wounding (Fig. 7A) . A dimerization partner of class I KNOTTED1-like HOMEOBOX, SAWTOOTH1 (Kumar et al., 2007) , is also abruptly down-regulated (Fig. 7A) , together implying that hypocotyls cells start to lose the shoot identity soon after wounding.
Wounding Induces Dynamic Transcriptional Changes of Chromatin Regulators
Under unstressed conditions, epigenetic mechanisms such as histone modification prevent callus formation by maintaining the repressive status of callus-inducing genes (Ikeuchi et al., 2015b) . Indeed, the loci of many callus regulators including WIND3, ERF115, RAP2.6L, PLT3, PLT5, PLT7, and LBD16 have repressive H3K27me3 marks in unstressed plants (Supplemental Fig. S4 ; Lu et al., 2011) . Given that all of these genes are transcriptionally activated by wounding before the onset of cell proliferation (Fig. 7A) , marked histones cannot be diluted through nucleosome replication during cell cycle progression. Accordingly, induction of these genes likely entails active modification of the chromatin environment, for instance, by erasure of repressive histone marks, addition of active histone marks and replacement of histones within nucleosomes. Therefore, we examined whether the expression profiles of histones and histone modifiers change upon wounding in our RNA-seq datasets. As shown in Figure 8A , most genes encoding core histones such as H2A, H2B, H3, and H4, display transcript profiles associated with cell cycle reactivation; thus, the majority of these histone genes are initially down-regulated and subsequently up-regulated after wounding. What is very distinct from these general trends is the steep decline in the expression of a linker histone H1.3 within Figure 6 . Wounding does not modify overall auxin biosynthesis and signaling. A, Expression profiles retrieved from RNA-seq datasets show that the expression of auxin biosynthesis genes YUC5 and TAA1 are induced after wounding while other biosynthesis genes, YUC2, YUC6, and YUC9, are repressed. A subset of auxin response genes is transiently up-regulated at 1 h after wounding, but others remain unchanged or downregulated. Note that only genes with RPKM . 1 that change significantly along the time course are shown (5/13 genes for IAA synthesis; 24/50 genes for IAA responses). B, An overall content of endogenous IAA level does not change significantly after wounding (n = 3; P = 0.273; ANOVA). C, Time-course imaging of DR5rev:GFP plants shows that auxin response is not elevated at wound sites of hypocotyl explants. Dashed lines indicate wound sites. The strong DR5rev:GFP expression in root tips confirms the reporter activity. Scale bar = 0.5 mm.
1 h after wounding (Fig. 8A) , implying that the loss of H1.3 shortly after wounding might have some impact on the chromatin status and associated transcriptional changes.
Among putative histone methyltransferases harboring a SET domain, CURLY LEAF (CLF) and SWINGER (SWN), encoding a methyltransferase subunit of PRC2 that deposits H3K27me3 (Chanvivattana et al., 2004) , display transient down-regulation within 6 h and subsequent mild up-regulation after 12 h (Fig. 8B) . Other histone methyltransferases, such as ARABIDOPSIS TRITHORAX-LIKE PROTEIN2 that deposit an active H3K4me2 mark (Saleh et al., 2008) , are rapidly downregulated, while SUVH4/KRYPTONITE, SUVH5, and SUVH6 mediating repressive H3K9 methylation (Ebbs and Bender, 2006) are up-regulated after wounding (Fig. 8B) . Our RNA-seq data also showed that JUMONJI30 (JMJ30), encoding a demethylase acting on H3K27me3 (Gan et al., 2014) , is rapidly down-regulated after wounding (Fig. 8B) . Among other histone demethylase genes, JMJ22, a demethylase targeting H4R3 (Cho et al., 2012) , JMJ13 and JMJ21 are strongly induced within 24 h after wounding (Fig. 8B) .
Histone acetylation and deacetylation are generally associated with gene activation and inactivation, respectively (Struhl, 1998) . In our dataset, most of the acetyl transferase genes remain unchanged upon wounding, except GCN5-RELATED N-ACETYLTRANSFERASE (GNAT) family members GENERAL CONTROL NONDEREPRESSIBLE5 (GCN5; Benhamed et al., 2006) , HISTONE ACETYLTRANSFERASE OF THE GNAT FAMILY2 (HAG2), and HAG3 (Earley et al., 2007) , which are induced around 3 to 6 h after wounding (Fig. 8B) . Among 18 histone deacetylases (Liu et al., 2014) , a plant-specific HD2 family of histone deacetylases, HISTONE DEACETYLASE1 (HDT1), HDT2, HDT3, and HDT4, are up-regulated between 3 and 12 h after wounding, while two of RPD3/HDA1 family genes, HDA5 and HDA8, are down-regulated within 1 h (Fig. 8B) .
DNA methylation is another important component of epigenetic regulation, and indeed DNA methyltransferase genes show dynamic expression changes after wounding (Fig. 8C) . The expression of CHROMOMETHYLASE2 (CMT2) is most rapidly induced, i.e. within 1 h, after wounding, followed by the activation of METHYLTRANSFERASE 1 (MET1), CMT3, DECREASED DNA METHYLATION1, and DEMETER LIKE2 at later time points (Fig. 8C) . We also noticed that the expression of DOMAINS REARRANGED METHYLTRANSFERASE2 and DEMETER is reduced after wounding (Fig. 8C) .
Overall, these dynamic transcriptional changes in histone-modifying enzymes and DNA methyltransferases suggest that wound-induced modification of transcriptomes likely involves active modulation of the chromatin landscape.
DISCUSSION
In this study, we employed time course transcriptome analysis and quantitative hormonal analysis to study how wound stress triggers callus formation in Arabidopsis. Our data showed that wounded hypocotyls initially activate stress responses but subsequently commit cells for reentry into the cell cycle through up-regulation of the cytokinin-mediated developmental pathway (Fig.  9) . We also demonstrated that wound stress activates a set of AP2-ERF transcriptional regulators, and they contribute to callus formation at wound sites (Fig. 9) . This study thus illustrates how plants convey a diverse range of signals in response to wounding and yet selectively induce cell cycle reactivation through the combined activation of multiple signaling cascades.
Previous studies have shown that other hormones such as auxin, ethylene, and GA 3 play important roles in different forms of tissue regeneration (Asahina et al., 2011; Melnyk et al., 2015; Efroni et al., 2016; Chen et al., 2016b; Matsuoka et al., 2016) . Identification of cytokinin as a key player of callus formation therefore highlights diverse and specific roles of endogenous hormones in regenerating wounded tissues.
Global Transcriptional Changes during Wound-Induced Callus Formation
Our RNA-seq data showed that wounding causes dramatic changes in gene expression profiles, and indeed ;80% of genes expressed at least once in our time course dataset display differential expression within 24 h after wounding. Many genes that show transcriptional changes relatively early, i.e. those in clusters 1, 2, and 5, are known to be responsive to wounding ( Fig. 2; Supplemental Fig. S2 ). Genes encoding biosynthesis enzymes for defense substances, for example, are Figure 8 . Wounding induces dynamic transcriptional changes of chromatin regulators. A, Expression profiles retrieved from RNA-seq datasets show that most of histone genes are initially down-regulated but subsequently up-regulated by 24 h after wounding. B, A subset of genes encoding histone-modifying enzymes undergoes significant transcriptional changes after wounding. C, Genes that encode DNA methyltransferases and demethylases seem to be also transcriptionally affected by wounding. Note that only genes with RPKM . 1 that change significantly along the time course are shown (40/45 genes for histones; 56/92 genes for histone modifier; 8/11 DNA methyltransferases and demethylases).
wound inducible (Reymond et al., 2000; Devoto et al., 2005) and are up-regulated within 3 h after wounding in our dataset. Similarly, wound-inducible protein kinases that constitute pathogen recognition or calcium signaling are activated within 3 h. It is also interesting to note that genes annotated as responsive to other stresses such as heat, chitin, or biotic stimulus are strongly activated at 1 h after wounding. Previous studies have reported that heat stress induces somatic embryogenesis in some plant species (Fehér 2015) , and biotic interactions can trigger cellular proliferation and reprogramming during symbiosis and parasitism (Suzaki et al., 2012; Ishida et al., 2016) . It will be thus interesting to test if these stress-induced developmental changes share regulatory mechanisms with wound-induced callus formation.
In contrast, genes that respond transcriptionally later, i.e. those in clusters 3 and 4, represent protein synthesis, organelle organization, and cell proliferation ( Fig. 2;  Supplemental Fig. S2 ). Interestingly, genes in clusters 3 and 4 significantly overlap with genes that are highly expressed in calli on CIM (Supplemental Fig. S5 ; Sugimoto et al., 2010) , suggesting that these genes are generally associated with callus formation. Cellular capacity of protein synthesis is tightly controlled according to the developmental and environmental conditions. Transcript level of ribosomal genes, for example, is higher in developing organs where cells actively proliferate than in maturing organs (Noir et al., 2013) . Therefore, activation of genes encoding ribosomal proteins in cluster 3 may be associated with preparation for cell proliferation during callus formation, which is also observed before the onset of protoplast cell proliferation (Chupeau et al., 2013) . Components of protein synthesis machineries enriched in cluster 3 might be required for the generation of a new proteome during cellular reprogramming and callus formation, even though dynamic changes of transcript profiling take place as soon as 1 h after wounding. Cell cycle regulators found in cluster 4 are transiently down-regulated and later activated at 12 h. A similar trend is observed during protoplast culture, where the expression of cell cycle regulators declines transiently upon protoplast isolation and is subsequently reactivated (Chupeau et al., 2013) . Such transcriptional dynamics of cell cycle regulators may be common in stresstriggered cellular reprogramming and proliferation.
Endogenous Hormonal Changes That Impact Callus Formation at Wound Sites
Our hormonal analysis revealed substantial accumulation of tZ-and cZ-type cytokinin in wounded hypocotyls, which results in the activation of cytokinin response prior to callus formation. Our phenotypic analyses demonstrated that de novo synthesis of cytokinin is a key driver of callus formation at wound sites (Fig. 5) . Cytokinin is known to promote cell proliferation through transcriptional up-regulation of CYCD3s (Riou- Khamlichi et al., 1999) . Our data show that CYCD3;1 expression is compromised in the arr1-3 arr12-1 mutant and, in addition, the cycd3;1-3 mutant displays reduced callus formation at wound sites (Fig. 5) , further supporting an involvement of CYCD3s in cytokinin-dependent regulation of cell proliferation. Interestingly, the cytokinin biosynthesis genes LOG1, LOG4, LOG7, and CYP735A2, which are strongly induced after wounding in our RNAseq datasets, do not show similar transcriptional changes in other wound-induced transcriptome data like those reported by Kilian et al. (2007) . This is likely because these transcriptional responses are not part of the general wound response and probably occur only under the physiological condition where wounding triggers callus formation. It will be interesting to explore how woundinduced transcriptional regulatory pathways incorporate different physiological cues to optimize downstream gene expression.
We should note that cytokinin biosynthesis and signaling mutants are not completely defective in callus formation (Fig. 5) , suggesting that there are other signaling pathways promoting callus formation at wound sites. Intriguingly, contribution of auxin in woundinduced callus formation appears to be marginal, since we do not detect accumulation of endogenous auxin or activation of auxin response after wounding (Fig. 6 ). These observations are consistent with our previous report that solitary root mutants, defective in auxin signaling, have no obvious defects in wound-induced callus formation (Iwase et al., 2011) . Our data also show that wounding rapidly activates JA synthesis and signaling, yet JA is not required for callus formation and is rather Figure 9 . A schematic diagram describing how callus formation is regulated after wounding. Wounding transiently increases the endogenous level of JA in Arabidopsis hypocotyls, but this is inhibitory for callus induction. Overall ABA level is decreased after wounding, which allows efficient callus formation at wound sites. Wounding up-regulates cytokinin biosynthesis and signaling, leading to the activation of cell proliferation and callus formation. Several AP2-ERF transcriptional regulators, such as ERF115, WIND1, ESR1, PLT3, PLT5, and PLT7, are also up-regulated by wounding and contribute to callus formation.
inhibitory to callus induction (Fig. 3) . JA is known to block plant growth (Yan et al., 2007) , and JA represses both cell proliferation and cell expansion to limit organ growth (Noir et al., 2013) . Lack of JA's contribution in callus formation is therefore in line with previous studies, strongly suggesting that JA primarily mediates defense-related responses after wounding. Another stress hormone, ABA, negatively regulates plant growth by repressing cell proliferation under stress conditions (Wang et al., 1998) . Our phenotypic analyses also show that ABA is repressive for callus formation (Fig. 4) , confirming the negative impact of ABA on cell proliferation. In contrast to JA, for which the endogenous level increased by more than 2-fold within 6 h after wounding, we detected a significant decrease in the overall ABA level within 24 h after wounding (Fig. 4) , although biological significance of this reduction is not clear. Given that the transcript levels of ABA biosynthesis and response genes are strongly increased within 1 h after wounding, it is also possible that the ABA level is transiently and/or locally increased earlier than 1 h and we could not detect these differences at 1 h.
ERF115 and PLT3, 5, 7 as Transcriptional Regulators of Wound-Induced Callus Formation
Recent studies have identified key regulators that control cell proliferation and/or differentiation in plant meristem development and/or regeneration, and only a subset of them have been linked to hormonal regulation (Ikeuchi et al., 2013) . Given that some of these genes are rapidly induced after wounding, they are good candidates that might also function in wound-induced callus formation, and our genetic analysis indeed uncovered that ERF115 is required for callus induction at wound sites (Fig. 7) . Given that ERF115 acts upstream of WIND1 during root meristem repair (Heyman et al., 2016) , one plausible hypothesis is that ERF115-WIND1 promotes callus formation in parallel to the pathway driven by increased cytokinin accumulation (Fig. 9) . We have recently shown that both ARR1-, ARR12-mediated cytokinin signaling and WIND1-mediated wound signaling activate ESR1 expression to promote callus formation at wound sites (Iwase et al., 2017) . Thus, these hormonal and transcriptional pathways likely converge and/or cross talk to promote wound-induced callus formation, and future studies should reveal the complex functional relationships between these pathways.
In addition, we show that another set of AP2/ERF transcription factors, PLT3, PLT5, and PLT7, also participate in callus formation at wound sites (Fig. 7) . Importantly, ESR1 does not regulate the expression of PLT3, PLT5, and PLT7 (Iwase et al., 2017) ; thus, they may function in a pathway independent from the WIND1-ESR1-mediated pathway (Fig. 9) . These members of the PLT family are known to act downstream of the cytokinin pathway (Kareem et al., 2015) . However, given that they are all up-regulated within 1 h, which is well before we detect increased cytokinin response after wounding, we suspect that their up-regulation is controlled by a cytokininindependent wound signaling (Fig. 9) . Interestingly, plt357 mutants as well as WIND1-SRDX and esr1 are not defective in developing calli on CIM, although their calli fail to regenerate shoots on shoot-inducing media (Kareem et al., 2015; Iwase et al., 2017) . These observations suggest that these regulators play distinct roles in different contexts, i.e. promoting cell proliferation at wound sites and conferring callus with pluripotency on CIM.
Epigenetic Modification Induced by Wounding
A previous transcriptome study by Chupeau et al. (2013) reported dynamic transcriptional modification of various epigenetic regulators during cell cycle reentry of Arabidopsis protoplast cells. Similarly, our RNA-seq data highlighted that many genes encoding histones, histone modification enzymes and DNA methyltransferases undergo transcriptional changes within 24 h after wounding (Fig. 8) , suggesting that global modification of gene expression patterns after wounding likely involves regulation at the chromatin level. One key question in the context of callus formation and organ regeneration is how wound stress modulates the epigenetic landscape and allows rapid activation of PRC2-targeted reprogramming regulator genes. Our data show that among all the histone genes we examined, only a linker histone H1.3 displays very specific transcriptional down-regulation within 1 h after wounding (Fig. 8) . Linker histone H1s are associated with chromatin compaction and histone H1.3, in particular, is localized at genomic loci distinct from those occupied by H1.1 and H1.2 (Rutowicz et al., 2015) . It is thus possible that the reduction of H1.3 in response to wounding may cause the release of H1.3-occupied heterochromatic region, leading to activation of gene expression. Future studies should investigate the physiological roles of H1.3 in wound response and callus formation using Arabidopsis mutants. Interestingly, a previous study showed that histone H1.3 is up-regulated under drought or low-light conditions in an ABA-dependent manner (Rutowicz et al., 2015) ; thus, the reduction of H1.3 after wounding might also be associated with down-regulation of endogenous ABA.
Another mechanism that may permit activation of PRC2-repressed reprogramming regulator genes is to reduce the level of H3K27me3. Our RNA-seq data show that the transcript levels of PRC2 subunits, CURLY LEAF and SWINGER, are transiently down-regulated after wounding (Fig. 8) , but it is unlikely that this transient reduction contributes to the loss of H3K27me3 at already PRC2-marked loci. We also detected several putative histone demethylase JMJ genes up-regulated within 24 h after wounding (Fig. 8) , raising the possibility that active removal of H3K27me3 by these demethylases may help to activate gene expression. Alternatively, reprogramming regulator genes may be transcriptionally activated through the deposition of active histone marks. An increase in the level of acetylation, for instance, may contribute to the wound-induced gene activation, since genes encoding histone acetyl transferases, such as GCN5 and HAG2, are induced after wounding (Fig. 8) .
Our RNA-seq data also showed that DNA methylation enzymes display dynamic transcriptional changes after wounding. Among them, CMT2 encoding a CHH methyltransferase is most rapidly induced after wounding (Fig. 8) . Functional roles of DNA methylation in plant stress response are not fully established (Kim et al., 2015) , but a previous study by Shen et al. (2014) reported that the expression of CMT2 is down-regulated upon heat stress. Loss-of-function mutations of CMT2 are found in natural Arabidopsis populations that display high-temperature habitats, and these mutations are shown to contribute to heat stress tolerance in plants (Shen et al., 2014) . It would be interesting to test whether CMT2 impacts woundinduced defense response and/or regeneration.
Given that some of the PRC2-targetted reprogramming genes, such as ERF115 and PLT5, are transcriptionally activated within 1 h after wounding ( Fig. 7 ; Supplemental Fig. S4 ), chromatin status of these loci has to change even earlier than 1 h. It is worth noting that stress-induced modification of chromatin status does not necessarily involve transcriptional changes of epigenetic regulators, and alternatively it might be mediated by the recruitment of existing regulators to specific loci. Future studies should, therefore, explore how the status of histone variants, histone modification, and DNA methylation changes at each reprogramming gene locus upon wounding and how these epigenetic changes affect its transcription.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
For phenotypic analyses, we used the following mutants: aos (Park et al., 2002) ; jar1-1 (Staswick et al., 2002) ; coi1-16B (Noir et al., 2013) ; nced3-2 (Gálvez-Valdivieso et al., 2009); aba2-1 and aba3-1 (Léon- Kloosterziel et al., 1996) ; aba2-2 (Nambara et al., 1998); aao3-4 (Seo et al., 2004) ; abi1-1 and abi2-1 (Koornneef et al., 1984) ; log123457 (Tokunaga et al., 2012) ; ipt357 (Miyawaki et al., 2006) ; arr1-3 arr12-1, arr1-3 arr10-5, and arr10-5 arr12-1 (Argyros et al., 2008); cycd3;1-3 (Dewitte et al., 2007) ; erf115 pat1-2 and 35Spro:ERF115-SRDX (Heyman et al., 2013) ; rap2.6l-1 (Che et al., 2006) ; plt357 (Prasad et al., 2011) ; and WIND1-SRDX (Iwase et al., 2011) . For the expression analysis of cell cycle genes, we used CDKApro:CDKA-GUS (Adachi et al., 2009 ) and CYCA2;1pro:GUS (Burssens et al., 2000) . As reporters of hormonal responses, we used TCSn::GFP (Zürcher et al., 2013) and DR5rev:GFP (Benková et al., 2003) . All plants were in Columbia-0 (Col-0) background except aos and coi1-16B, which are in the gl1 background and CYCA2;1pro:GUS in C24 background. Plants were grown on 0.6% (w/v) gelzan plates containing Murashige and Skoog (MS) salts and 1% Suc on nylon mesh at 22°C. For callus induction, 7-d-old etiolated hypocotyls were cut with disposable knives and incubated in the dark. Phenotypic analyses were performed on hypocotyls that were cut once at 7 mm from the hypocotyl-root junction, and callus formation at the apical end of cut hypocotyls was observed. Callus induction was quantified as a percentage of explants with more than one callus cell developing from wound sites.
Cloning and Generation of Transgenic Plants
To generate ERF115pro:ERF115-SRDX lines, the ERF115-SRDX dominantnegative allele was generated by fusing the SRDX-repressor domain behind the ERF115 ORF using adaptor ligation PCR (as described by Heyman et al., 2013) . The 2000-bp upstream promoter region of ERF115 was recombined in front of the ERF115-SRDX allele into the pK7m24GW3 vector. Transgenic plants were selected using 45mg/L kanamycin.
Transcriptome Analysis
We isolated total RNA from 3-to 5-mm hypocotyl explants at 0, 1, 3, 6, 12, and 24 h after wounding using the RNeasy plant mini kit (Qiagen). We had biological triplicates for each time point with the exception of 24 h where we had biological duplicates. Isolated RNA was subject to library preparation with Truseq stranded mRNA sequencing kit (Illumina) and then subjected to single-end sequencing with the Illumina HisEquation 2000 platform. Read mapping was performed on CLC Genomics Workbench (CLC Bio), and over 90% of reads were uniquely mapped on TAIR10 Arabidopsis genome, resulting in 8 to 20 million mapped reads per sample. Among 18,332 expressed genes (.0.1 RPKM), expression of 14,605 genes was significantly changed during the time course according to the Bayesian estimation of temporal regulation (Aryee et al., 2009 ; FDR = 0.05). For genes with significantly changed expression, we performed k-means clustering and figures of merit analysis using Multiple Experiment Viewer (Saeed et al., 2003) . GO analyses were performed with BiNGO (Maere et al., 2005) in Cytoscape. For the heat maps, genes with .1 RPKM were selected and log2-fold changes against 0 h were shown for each gene. Gene clustering analysis was performed based on Eucledian distance, an average linking method in Multiple Experiment Viewer software.
Quantitative Real-Time RT-PCR
Total RNA of 400 ng, isolated from hypocotyl explants as described for transcriptome analysis, were subjected to the first-strand cDNA synthesis with the primescript RT reagent kit (Takara). Quantitative real-time PCR was performed with Thunderbird SYBR qPCR mix (Toyobo) and a set of primers listed in Supplemental Table S4 .
Histological Analysis
GUS staining was performed as previously described (Kertbundit et al., 1991) , and stained samples were observed using a Leica M165 C stereomicroscope. For Technovit sectioning, GUS-stained hypocotyls were fixed in a formaldehyde-acetic acid solution (formalin: acetic acid: 70% ethanol, 1:1:18), dehydrated through a graded ethanol series and embedded in Technovit 7100 (Heraeus Kulzer). Sections of 4-mm thickness were prepared with RM2135 (Leica), counterstained by safranin O, and observed under a Olympus BX51 microscope.
Quantitative Analysis of Plant Hormones
Hypocotyls were cut into 3-to 5-mm explants and incubated for 0, 1, 3, 6, 12, and 24 h after wounding in the dark. Three biological replicates were prepared for each time point and 30 to 50 mg (fresh weight) of hypocotyl explants were harvested for each replicate. Contents of cytokinins were quantified with ultra-performance liquid chromatography-electrospray interface and tandem quadrupole mass spectrometer (AQUITY UPLC System/Xevo-TQS; Waters) as described previously (Kojima et al., 2009) . Auxin, JA, and ABA were quantified with ultra-high-performance liquid chromatography (HPLC)-electrospray interface and quadrupole-orbitrap mass spectrometer (UHPLC/Q-Exactive; Thermo Scientific) as described previously Shinozaki et al., 2015) .
Accession Numbers
RNA sequencing data have been deposited to Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE101422) under accession number GSE101422. Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: CDKA (AT3G48750), CYCA2;1 (AT5G25380), AOS (AT5G42650), COI1 (AT2G39940), NCED3 (AT3G14440), ABA2 (AT1G52340), ABA3 (AT1G16540), AAO3 (AT2G27150), ABI1 (AT5G67030), ABI2 (AT1G52340), LOG1 (AT2G28305), LOG2 (AT2G35990), LOG3 (AT2G37210), LOG4 (AT3G53450), LOG5 (AT4G35190), LOG7 (AT5G06300), IPT3 (AT3G63110), IPT5 (AT5G19040), IPT7 (AT3G23630), ARR1 (AT3G16857), ARR10 (AT4G31920), ARR12 (AT2G25180), CYCD3;1 (AT4G34160), CYCD3;2 (AT5G67260), CYCD3;3 (AT3G50070), ERF115 (AT5G07310), PAT1 (AT5G48150), RAP2.6L (AT5G13330), PLT3 (AT5G10510), PLT5
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